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Motivation: learning the grammar of DNA
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This talk: The Paleolithic of Modelling Biological
Sequences by Grammatical Inference
artistic view of old stone edge Glyptodon by Heinrich Harder
Focus on working tools and specicity of modelling biosequences
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Outline
1 Molecular genetics
2 Modelling a set of conserved sequences
3 Inference of grammatical structure
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DNA structure
source: U.S. Department of Energy
We wish to suggest a structure for the salt of deoxyribose nucleic
acid (D.N.A.). This structure has novel features which are of
considerable biological interest.
John Watson and Francis Crick in Molecular Structure of Nucleic Acids. A
structure for deoxyribose nucleic acid. Nature No. 4356, April 25, 1953
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DNA sequence





Sequence over a 4 letter alphabet {A,C,G,T} (nucleotide bases)
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DNA to RNA
Transcription
(double strand) DNA sequence {A, T, C, G}
↓
(simple) RNA sequence {A, U, C, G}
RNA-Polymerase
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 10 / 82
RNA to Protein
Translation
RNA sequence {A, U, C, G}
↓
Protein sequence {20 amino acids}
Ribosome




Muscles, Enzymes, Hormones, Brain
. . .
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Reading the Book of Life
Genome Sequencing
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First draft of the human genome (2001)
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First draft of the human genome (2001)
Consortium 20 labs, 6 countries
3.2 billion bp, ∼ 25000 genes (previous estimates was ∼ 100,000,
function unknown for 50% of predicted genes) covering about 3%
genome length, >50% repeat sequences. . .
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Genome sequencing projects
Genome Project Statistic:
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New generation sequencing
Next-generation sequencing machines at the Wellcome Trust Sanger Institute. Wellcome Library, London.
Human Genome Project: ∼ 10 years, <$3 billion USD
2008: 2 weeks, $60,000 USD
Archon X Prize for Genomics:
<2013: 100 human genomes in ten days for $10,000 USD each
1000$ USD personal genome. . .




Number of entries (current
195,230,921)
source: http://www.ebi.ac.uk/embl/Services/DBStats/ Sep 6, 2010
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Protein structure determination
Structures in RCSP Protein Data Bank
www.pdb.org
90% by X-ray crystallography
0
9% Nuclear Magnetic Resonance
Proteins: 62773, Nucleic Acids: 2172,
Protein/NA: 2811 Others: 38
Total: 67794
Mainly globular proteins
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PDB database Growth
67,794 structures, Sep 07, 2010 embl
http://www.rcsb.org/pdb/statistics/holdings.do
http://www.rcsb.org/pdb/statistics/contentGrowthChart.do?content=total
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Sequences annotation
High throughput production of raw sequences
Problem
Function(s) of these sequences ?
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How to predict the function of a sequence ?
2 main approaches:
1. Find a similar sequence
needs:
a database of annotated sequences
GenBank (NCBI), EMBL Nucleotide Sequence Database, DNA
Data Bank of Japan (DDBJ), . . .
a tool returning similar sequences
BLAST . . .
2. Find a model accepting the sequence
needs:
a database of model for each function of interest
TRANSFAC,JASPAR, PROSITE, INTERPRO
a tool returning models recognizing the sequence
ScanProsite, InterProScan, . . .
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Conservation
Key idea
Evolution + Natural Selection ⇒ Conservation is meaningful
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From identity to similarity
Blocks
BLOSUM62 substitution matrix Frequently observed substitutions receive
positive scores and seldom observed substitutions are given negative scores (log odds ratio)
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Aligning two proteins
Smith&Waterman, Blast, . . .
Alignment score:
Σp(Blosum(a1,p, a2,p)) + f (gap)
+ signicativity (E-value) → tool for approach 1.
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Multiple sequence alignment
ClustalW2, . . .
Can be used to build models of the sequence family for approach 2.
(exact models and their probabilistic mate)
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http://expasy.org/prosite/
1 Molecular genetics
2 Modelling a set of conserved sequences
Patterns
Allowing insertion
Allowing insertions and deletions
With covariations
3 Inference of grammatical structure
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 29 / 82
Modelling a set of aligned sequences
Task: Model a family of (bio)sequences
(same function, structure, localization, expression, . . . )
Goals: Understand, Predict, Generate
Assumption: Characterization of family from sequence only
Available: A representative sample of the family and a multiple
alignment of its conserved region (from bio experiments or a
computational alignment tool)
How to model this conservation ?
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 30 / 82
Modelling a set of aligned sequences
Task: Model a family of (bio)sequences
(same function, structure, localization, expression, . . . )
Goals: Understand, Predict, Generate
Assumption: Characterization of family from sequence only
Available: A representative sample of the family and a multiple
alignment of its conserved region (from bio experiments or a
computational alignment tool)
How to model this conservation ?
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 30 / 82
Example: Modelling binding sites
example from Maximilian Haussler, INRIA tech. report RR-5714
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Consensus motif
Consensus motif (sequence), IUPAC code
+ allow a limited number of errors
vs ?
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Consensus sequence
Consensus sequence
+ allow a limited number of errors
Some positions mutate more easily. . .
Some substitutions occur more likely. . .
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Position frequency matrix
Position frequency matrix (PFM)
Exercises
How to use the PFM to assign probabilities to sequences ?
P( ) = ?
P( ) = ?
P( ) = ?
Signicativity of these probabilities ?
What if the nucleotides composition is biased ?
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Position probabilities and weights at each
position/column
Notation: O(x) frequency/count of nucleotide x in the column ~O of the PFM
Maximum likelihood estimation of probability of x :
P̂(x |~O) = O(x)
Σx ′O(x ′)
or rather use pseudo-counts:
P̂(x |~O) = O(x) + 1
Σx ′(O(x ′) + 1)
Weight of x (Log odds)
W (x |~O) = log P̂(x |
~O)
P0(x)
where P0(x): background probability of x
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Position weight matrix
Position frequency matrix
Position weight matrix (PWM)
(with p(A) = p(T ) = p(G ) = p(C ) = 1/4)
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Scoring a site
Position weight matrix
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Information content
Relative entropy (Kullback-Leibler distance) of matrix wrt background distribution
Information content of one column/position:
ICpos = Σα∈Σfpos,α log2
fpos,α
fα
(ADN, 1/4: between 0 and 2 bits)




(ADN, 1/4: max = len × 2)
Most surprising set of conserved words
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A graphical view
Sequence Logos
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Motif discovery as local alignment
Input:
Data: A set of sequences
Parameter: k length of alignment
Output:
A set of word of length k , one in
each sequence, s.t. the
information content of the matrix
is maximal
Heuristics:
Expectation-Maximization: MEME, Bailey, 1995
Gibbs Sampling: Lawrence et al, 1993, Thijs et al, 2001
Greedy: (w)consensus, Hertz et al, 1999
Projection: Buhler et al, 2000
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Prosite's pattern syntax
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Exact models: Prosite patterns
Prosite's C2H2 Pattern:
C-x(2,4)-C-x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H
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Prosite's Pattern
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Probabilistic version: Prosite's Prole
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Prole HMM
Simple left-to-right topology: PWM + insertions and deletion state
m: Match state, i: Insertion state, d: Deletion (silent) state
picture from Sean Eddy
Each match state has its own emission probability distribution
Handles deletions and insertions, enabling dierent costs to
enter, leave or continue in a mode
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Parameter estimation
From aligned sequences
(Simplied) Baum-Welsh, . . .
Simple topology but still an important number of free parameters.
One needs big training sample. Prone to overspecialization.
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Example: SH3 domain
source: An Introduction to Hidden Markov Models for Biological Sequences,
Anders Krogh
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 49 / 82
Example: SH3 domain
source: An Introduction to Hidden Markov Models for Biological Sequences,
Anders Krogh
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 49 / 82
Example: SH3 domain
source: An Introduction to Hidden Markov Models for Biological Sequences,
Anders Krogh
F. Coste (Symbiose, INRIA/IRISA) ICGI Tutorial September 13, 2010 49 / 82
Example: 2crd Charybdotoxin
source: tutorial ISMB, SAM-T98
With maximum likelihood weighting scheme:
Can't we replace a L by a I ?
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Adding pseudocounts
source: tutorial ISMB, SAM-T98
Add-one pseudocount estimation (Laplace rule):
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Adding pseudocounts
source: tutorial ISMB, SAM-T98
Add-one pseudocount estimation (Laplace rule):
More sophisticated pseudocounts:
P̂(a|~O) = O(a) + A P0(a)
Σa′O(a′) + A
where A = weight on pseudocounts
and P0(a) = background probability of a
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Using substitution matrix
source: tutorial ISMB, SAM-T98
Gribskov Average Score:
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Using substitution matrix
source: tutorial ISMB, SAM-T98
Gribskov Average Score:
Only one sequence: ∼ signal searched by Blast
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SAM-T98 workow
Starts from a single sequence !
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Dirichlet mixtures
source: tutorial ISMB, SAM-T98
The state-of-the-art!
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And we could add the closely related tool PSI-Blast, based on
proles, and the databases relying on it . . .
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What about RNA ?
For instance, transfer RNA (many other ncRNA):
RNA: conservation of secondary structure and sequence
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What about RNA ?
Functional (i.e. non-coding) RNA
For instance, transfer RNA (many other ncRNA):
RNA: conservation of secondary structure and sequence
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What about RNA ?
For instance, transfer RNA (many other ncRNA):
source Y. Sakakibara
RNA: conservation of secondary structure and sequence
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Pairwise correlation
source S. Eddy
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Prole SCFG
source Y. Sakakibara
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Example
source Y. Sakakibara
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A derivation tree
source Y. Sakakibara
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The corresponding secondary structure
source Y. Sakakibara
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Multiple alignment
source Y. Sakakibara
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Rfam
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Prole STAG . . .
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Conclusion of this part
So far:
Ad-hoc simple topologies designed wrt domain knowledge
Modelling conserved regions
Ecient parameter weighting schemes
It works well!
We would like also:
More expressive topologies, learnt automatically
Better understand chaining of the conserved regions (grammar
of the DNA ?)
Ecient parameter weighting schemes (why not, but maybe less
important if the topology is good)
and it should still work well!
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1 Molecular genetics
2 Modelling a set of conserved sequences
3 Inference of grammatical structure
Pattern (motif) Discovery
Learning Automata
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Pattern (motif) Discovery
DNA: A lot of work on the search of over/under-represented
words (topology :-( )
Proteins: not so much tools (20 letters, substitutions)
Teiresias, Splash, Emotif, Pratt...
No need anymore of aligned sequences. Topology ? Maximum
level of expressiveness: Prosite motifs (Pratt), still unable to
accept:
. . . R . . . E . . .
. . . E . . . R . . .
and reject:
. . . E . . . E . . .
. . . R . . . R . . .
(position specic pattern: [ER]x(l,k)[ER])
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Learning local languages and application to DNA
Yokomori et al, 1994, 1998
Splicing systems: model of recombination of DNA [Head 1987]
(crossover operation)
Persistent splicing languages are equivalent to strictly locally
testable (regular) languages
{L | ∃k ,∃A,B ,C ⊆ Σk ,∀w , |w | ≥ k :
w ∈ L i Lk(w) ∈ A, I (w) ∈ B ,R(w) ∈ C}
Class of k-testable language is learnable in the limit using DFA
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Sequence Encoding
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Experiments
Protein α-chain identication [Yokomori et al 1994, 1998]
∼ 95% classication success (hemoglobin ?)
Coiled-coil proteins [Peris et al ICGI 2006]
Transmembrane domain [Peris et al BMC Bioinf. 2008]
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Learning automata on proteins
It is easy to represent a set of protein sequences by an automaton!
Rote learning, an inductive leap is needed...
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Protomata Learner
[Coste et al 2005,2006]
State (fragment) merging approach, EDSM inspiration
Merging similar fragment pairs
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Protomata Learner
[Coste et al 2005,2006]
A new kind of alignment: Partial Local Multiple Alignment
Merge blocks, detect exceptions, merge gaps:
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Experiments
Discrimination of subfamilies (Major Intrinsic Proteins)
Modelling low similarity family (Tumor Necrosis Factor)
Web Server http://protomata-learner.genouest.org/
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A new weighted version soon. . .
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Learning the grammar of DNA sequences ?
More expressive topologies ?
Adios, ABL, Distributional learning ?
Hierarchical (context-free) structure inference (Sequitur . . . )
Invited talk of D. Searls on Wednesday . . .
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In-silico predictions. . .
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Protein secondary structure
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Dayho encoding
a C sulfhydryl
b G, S, T, A, P small hydrophilic
c D, E, N, Q acid, acid-amide and hydrophilic
d R, H, K basic
e L, V, M, I small hydrophobic
f Y, F, W aromatic
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Prosite's Pattern
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Probabilistic version: Prosite's Prole
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